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ABSTRACT

The thesis titled "Designer Peptides: from Molecular Receptors to Self-Assembling Systems
with Emergent Properties" showcases the development of novel characteristics resulting from
peptide self-assembly. The distinct properties so generated can be used as a tool to explore self-
assembly without the need for any external agent, as well as for an array of therapeutic and

diagnostic applications. The thesis's work is organized into five chapters.
Chapter 1

The first chapter provides an overview of molecular recognition and self-assembly, as well as
their role in disease causation, diagnosis, and treatment. The section also describes the most
efficient and selective molecular receptors for recognizing Cg fullerenes. The significance of
peptides in designing self-assembling structures has also been addressed. Furthermore, the
advent of new features induced by self-assembly and their application, with a focus on drug

delivery, is highlighted.

Chapter 2

A series of oxidized cysteinyl peptides ([P-Cys-X-OMe]2; P = Boc or H; X = Trp or Glu)
showed vesicular and fibrillar assemblies. The anatomy of the self-assembled vesicles from the
water-soluble cystine dipeptide, [Cys-Trp-OMe], (B2) has been investigated by using various
fluorescent probes such as ammonium 8-anilinonaphthalene-1-sulfonate, Nile Red and pyrene.
The self-assembled structures are also observed in solution as evident from the quantitative
phase images obtained using a dual-mode digital holographic microscope (DHM) system.

Present investigations show that the self-assembly is enthalpy- and entropy-driven in the aqueous



medium. Based on the CD spectral studies, we proposed that B2 organize into vesicles through
sequestration of indole units. We also found that the vesicles formed by B2 can act as a host for
guests like Cgo. The biocompatibility and biodegradability of these peptides along with the
autofluorescent nature and guest binding ability of peptide-based vesicles offer numerous

applications in the biomedical area.
Chapter 3

We observed that the solutions of cysteinyl peptides B1 and B2 exhibit intense autofluorescence
in the blue region upon excitation at wavelength >350 nm. Detailed spectroscopic studies on the
peptides lacking tryptophan C1 and C2 unequivocally showed that the autofluorescence stems
exclusively from peptide aggregation. Our experimental results with appropriate controls
revealed that clustering of carbonyl chromophores is central to the autofluorescence.
Autofluorescence was also used to probe the vesicle formation without using any external
fluorescent probe. To the best of our knowledge, this is the first example of autofluorescent
vesicles formed by the spontaneous association of dipeptides. The biocompatibility and
biodegradability of these peptides along with the autofluorescent nature and guest (Cg) binding

ability of peptide-based vesicles offer numerous applications in the biomedical area.
Chapter 4

In this chapter, we employed a chemical reduction approach to synthesize amino acid-
and peptide-capped gold nanoparticles and assessed their ability to detect various
antibiotic classes. The studies revealed that Boc-cystine-capped nanoparticles allow
selective detection of fluoroquinolones ciprofloxacin and norfloxacin in water with

detection limits 65 and 92 nM, respectively. Antibiotics added to nanoparticles caused them



to aggregate, indicated by a change in color from wine red to purplish blue and spectral
changes. The interactions that underpin nanoparticle binding to ciprofloxacin and

norfloxacin were also examined.
Chapter 5

A series of ferrocene-amino acid conjugates were synthesized and investigated for their cation
binding affinity using UV-vis and fluorescence spectroscopy, and cyclic voltammetry.
Tryptophan-containing ferrocenoyl receptors E3 and E7 showed selective Fe*” and Cu®" binding
ability with detection limits in the low micromolar range. The presence of Fe* and Cu®" was also
indicated by colorimetric response that facilitates their onsite detection without the use of
sophisticated instruments. Along with the color transitions, the metal complexation by the
receptors was monitored by UV-vis and electrochemical measurements and the tentative binding
modes have been proposed. The series of changes observed in spectroscopic studies were
supported by cyclic voltammetric experiments. The formation of metal-ion complex was also
supported by fluorescence emission spectroscopy. The detailed UV-vis spectroscopic studies on
ferrocenoyl receptors lacking tryptophan E4 and E8 revealed the crucial role played by
tryptophan in metal binding via cation-m interactions. The effect of addition of Fe’" and Cu**
ions on the morphology of these receptors was also studied using scanning and transmission

electron microscopy.
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ESI-Mass spectrum of C1.

'H NMR spectrum (DMSO-dg, 500 MHz) of C2.

"H NMR spectrum (25% DMSO-dy¢/D,0, 500 MHz) of C2.
BC NMR spectrum (25% DMSO-d¢/D,0, 125 MHz) of C2.
ESI-Mass spectrum of C2.

Structures of D1 and D1-functionalized AuNPs, and additional cystine-

based ligands D2-D8 utilized for surface-functionalization of AuNPs.

UV-vis absorption spectra and TEM images of different AuNPs. (A) UV-
vis absorption spectra of AuNPs capped with (a) D1, (b) D2, (¢) D3, (d)
D4, (e) D5, and (f) D6, (g) D7, and (h) D8. The inset shows partial UV-
vis absorption spectra for AuNPs showing the SPR band. (B) TEM
image of distinct AuNPs, and (C) size distribution corresponding to the

TEM image.

Chemical structures of (A) citrate-capped AuNPs, ligand D10 and D10-
functionalized AuNPs, and (B) other cystine-based ligands D9-D12 used

for surface-functionalization.

UV-vis absorption spectra and TEM images of different AuNPs
synthesized by ligand exchange method. (A) UV-vis absorption spectra
of AuNPs capped with (a) citrate, (b) D2, (¢) D6, (d) DS, (e) D10, (f)
D11, and (g) D12. (B) TEM image of distinct AuNPs, and (C) size
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Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

distribution corresponding to the TEM image.

Chemical structures of tetracycline (TCY), sulfasalazine (SZS),
ciprofloxacin (CIP), norfloxacin (NFX), roxithromycin (RXM),
clarithromycin (CLM), and azithromycin (AZM).

Images of vials showing the color of (a) D10- and (b) D2-capped AuNPs
in the presence and absence of antibiotics. The color change seen after 60
hours for a vial containing AZM and D10-capped AuNPs is illustrated.
(c) Antibiotic-induced changes in the SPR absorption band of D10-
capped AuNPs.

(a) UV-vis spectra of DI10-capped AuNPs at different CIP
concentrations. The inset depicts partial UV-vis spectra that highlight
changes in the SPR absorption. (b) Variation of Ag3,/Asy, for AuNPs at
various CIP concentrations. (¢) Linear plot of AuNPs against CIP
concentration in the 32-78 uM range (0 to 310 pL; intensity at 632 nm is
shown). (d) Partial UV-visible spectrum of AuNPs alone (black) and
with 350 pLL of 1:9 water-methanol solutions (green). (e) Fluorescence
spectra of CIP (70 uM) after addition of various AuNP volumes (0 to
250 pL). (f) Linear plot of CIP emission at 450 nm (A = 325 nm) with
various AuNPs additions. (g) DLS-based AuNP size distribution in the
presence of CIP (82 uM). (h) TEM image of D10-capped AuNPs in
excess of CIP (82 uM), and (i) the corresponding EDX spectrum.

(@) UV-vis spectra of DI10-capped AuNPs at different NFX
concentrations. The inset depicts partial UV-vis spectra highlighting
changes in SPR absorption. (b) Variation in Ag3g/Asy; for AuNPs at
various NFX concentrations. (¢) Linear plot of absorption of AuNPs
(intensity at A = 638 nm) vs NFX concentrations ranging from 40 to 71
uM. (d) Partial UV-visible spectrum of AuNPs alone (black) and with
460 pL of acidic water (pH = 5; cyan). (e) Fluorescence spectrum of

NFX (45 uM, dex = 325 nm) with varied AuNP concentrations (0 to 300
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Figure 4.9

Figure 4.10

Figure 4.11

Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

pL). (f) Linear plot of NFX emission at 445 nm (A = 325 nm) at various
AuNPs concentrations. (g) DLS-based AuNP size distribution in the
presence of NFX (74.6 uM). TEM image of D10-capped AuNPs in
excess of NFX (74.6 pM) and the corresponding EDX spectrum (h and
i).

Plots showing variation in ratio of absorption at A¢3onm/Asynm for D10-
capped AuNPs-CIP mixture (1) (a) and Agsonm/Aszonm for D10-capped
AuNPs-NFX mixture (2) (b) upon addition of different class of
antibiotics. Solutions 1 and 2 (as shown in the graph) contain 50 pL D10-
capped AuNPs with 82 uM CIP and 74.6 uM NFX, respectively.

IR spectrum of D10-capped AuNPs before and after addition of CIP.

(a) UV-visible spectrum and (b) TEM images of citrate capped AuNPs
on addition of different concentration of (A) CIP (0-82.0 uM) and (B)
NFX (0-74.6 uM). Inset to (a) shows partial UV-visible spectrum
showing changes in the SPR absorption and vial showing color of the

antibiotic-AuNPs mixture towards the end of titration.

UV- visible spectrum of (a) D10-capped and (b) citrate-capped AuNPs
on addition of different concentration of NFX (0 to 0.1 mM).

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D1-capped AuNPs, synthesized by the chemical

reduction method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D2-capped AuNPs, synthesized by the chemical
reduction method. The measurements were performed in methanol at 25

°C.

Size distribution plot based on DLS measurements (top) and Zeta

potential (bottom) of D3-capped AuNPs, synthesized by the chemical
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Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

Figure 4.21

Figure 4.22

Figure 4.23

reduction method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D4-capped AuNPs, synthesized by the chemical

reduction method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of DS-capped AuNPs, synthesized by the chemical
reduction method. The measurements were performed in DMSO at 25

°C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of Dé6-capped AuNPs, synthesized by the chemical
reduction method. The measurements were performed in methanol at 25

°C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D7-capped AuNPs, synthesized by the chemical
reduction method. The measurements were performed in DMSO at 25

°C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D8-capped AuNPs, synthesized by the chemical

reduction method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of citrate-capped AuNPs. The measurements were

performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D2-capped AuNPs synthesized using ligand

exchange method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta

potential (bottom) of Dé-capped AuNPs synthesized using ligand
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Figure 4.24

Figure 4.25

Figure 4.26

Figure 4.27

Figure 4.28

Figure 4.29
Figure 4.30
Figure 4.31

Figure 4.32

Figure 5.1

Figure 5.2

exchange method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D7-capped AuNPs synthesized using ligand

exchange method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D8-capped AuNPs synthesized using ligand

exchange method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D10-capped AuNPs synthesized using ligand

exchange method. The measurements were performed in water at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of DI11-capped AuNPs synthesized using ligand
exchange method. The measurements were performed in 1:1 methanol-

water mixture at 25 °C.

Size distribution plot based on DLS measurements (top) and Zeta
potential (bottom) of D12-capped AuNPs synthesized using ligand

exchange method. The measurements were performed in water at 25 °C.

EDX spectrum of citrate-capped AuNPs.
EDX spectrum of D2-capped AuNPs.
EDX spectrum of D10-capped AuNPs.
EDX spectrum of D11-capped AuNPs.

Synthesis of ferrocene-peptide conjugates E3- E4 and E7-ES.

(a) UV-vis spectra of E3 (2 x 10* pM) alone in CH3CN and after the
addition of 20 equivalents of different metal ions. (b) Partial visible UV-
vis spectra in the 400-700 nm range highlighting changes induced by

cation addition.
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Figure 5.3

Figure 5.4

Figure 5.5

(a) UV-visible titration profile of E3 (16 x 10° M) with varying
amounts of Cu”" salt. Inset: Partial UV-vis spectra indicating absorption
in the 400-700 nm range. (b) LOD calculation for Cu®>" by E3 following
changes in absorbance at 634 nm. (c¢) Image showing the color change
for solution of E3 alone in CH3CN and after addition of 7.5 equivalents
of Cu*". (d) Binding isotherm for E3 at different Cu®” concentrations,
showing absorbance changes at 458 nm. (e) UV-vis titration plot of E3
with Cu?". (f) Graphical determination of LOD of E3 towards Cu®" by
monitoring the changes at 452 nm. The spectra were recorded in

CH3CN at 25 °C.

(a) UV-visible titration profile of E3 (16 x 10 M) with varying amounts
of Fe'* salt. Inset: Partial UV-vis spectra indicating absorption in the
400-700 nm range. (b) LOD calculation for Fe'" by E3 following
changes in absorbance at 635 nm. (¢) Image showing the color change
for solution of E3 alone in CH3CN and after addition of 7.5 equivalents
of Fe’'. (d) Binding isotherm for E3 at different Fe’" concentrations,
showing absorbance changes at 458 nm. (e) UV-vis titration plot of E3
with Fe*". (f) Graphical determination of LOD of E3 towards Fe'" by
monitoring the changes in absorbance 452 nm. The spectra were

recorded in CH3CN at 25 °C.

(a) UV-visible titration profile of E7 (16 x 10° M) with different
amounts of Cu(ClO4),.6H,O. Inset: partial UV-vis absorption spectra
indicating absorption in 400-700 nm region. (b) Binding isotherm for
E7 at different Cu”" concentrations, showing absorbance changes at 448
nm. (¢) Image showing the color change for solution of E7 alone in
CH;CN and after addition of 6 equivalents of Cu®'. (d) Binding isotherm
for E7 at different Cu®" concentrations, showing absorbance changes at
458 nm. (e) UV-vis titration plot of E3 with Cu®". (f) Graphical

determination of LOD of E3 towards Cu®" by monitoring the changes in
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Figure 5.6

Figure 5.7

Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

the absorbance 452 nm. The spectra were recorded in CH3CN at 25 °C.

Fluorescence emission spectra of E7 (8 x 10° M) with different
concentrations of Cu”" ions upon excitation at (a) 285 nm and (b) 450

2+

nm. (c) Stern-Volmer plot for E7 upon addition of Cu” ions. The

emission spectra were recorded in CH3CN at 25 °C.

(a) UV-visible titration profile of E7 (16 x 10” M) with various amounts
of Fe(ClO4);.6H,0. Inset: partial UV-vis absorption spectra indicating
absorption in 400-700 nm region. (b) Binding isotherm for E7 at
different Fe*” concentrations, showing absorbance changes at 450 nm. (c)
Image of vials showing colour change of E7 upon addition of 6
equivalents of Fe’'. (d) Binding isotherm for E3 at different Fe’"
concentrations, showing absorbance changes at 458 nm. (e) UV-vis
titration plot of E7 with Fe’". (f) LOD calculation for E7 towards Fe* by
monitoring changes in the absorbance at 452 nm. The spectra were

recorded in CH3CN at 25 °C.

Fluorescence emission spectra of E7 (8 x 10° M) at different
concentrations of Fe’" ions upon excitation at (a) 285 nm and (b) 450
nm. (¢) Stern-Volmer plot for E7 upon addition of Fe’* ions. The

emission spectra were recorded in CH3;CN at 25 °C.

(a) Absorption spectra of E7 (black), 1:1 equiv. of E7 and Cu*" (red),
and difference UV-visible spectra between E7:Cu*" and E7 (blue) alone.
(b) Absorption spectra of E7 (black), 1:1 equiv. of E7 and Fe’* (red), and
difference UV-visible spectra between E7:Fe’" and E7 (blue) alone.

UV-visible titration profile of (A) E4 and (B) E8 (16 x 10° M) with the
addition of different amounts of (a) Cu®" and (b) Fe’". The insets show

partial UV-vis spectra indicating absorption in 400-700 nm region.

(a) CV showing reversible redox wave depicting cathodic (I,) and

anodic (I,c) peak current, and cathodic (E,.) and anodic (E,) peak
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Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20

Figure 5.21

potentials. (b) CVs of E3 and E7 showing ferrocene and indole redox
waves. The cyclic voltammograms containing 100 uM solution of host in
CH;CN containing 0.1 M TBAP as supporting electrolyte were recorded

at 100 mV/s scan rate.

CVs and DPVs of E7 at different concentration of Cu* (a, b) and Fe**
(e, d) in CH3CN with 0.1 M TBAP as supporting electrolyte. Potentials
compared to Ag/Ag" electrode and scanned at 100 mV/s.

CVs and DPVs of E3 at different concentration of Cu”* (a, b) and Fe*"
(e, d) in CH3CN with 0.1 M TBAP as supporting electrolyte. Potentials
compared to Ag/Ag" electrode and scanned at 100 mV/s.

CVs and DPVs of E8 (A) and E4 (B) at different concentration of Cu®"
(a, b) and Fe’* (¢, d) in CH;CN with 0.1 M TBAP as supporting
electrolyte. Potentials compared to Ag/Ag" electrode and scanned at 100

mV/s.

SEM (a) and TEM (b) images for (A) E3 (B) E4 (C) E7 and (D) E8 in
CH;CN. (¢) Histogram showing SEM-based size distribution of vesicles
for E3 (A) and E7 (C).

SEM images for (A) E3 + Cu®" (B) E3 + Fe*™ (C) E7 + Cu*"and (D) E7
+ Fe’" in CH;CN. Inset to (a) shows magnified view of vesicles-like
assemblies observed in the highlighted area. For imaging, 2 equivalents
perchlorate salts of Cu*"/Fe’” were added to 1 mg/ml solutions of E3 and
E7 solutions prepared in CH3CN.

"H NMR spectrum (500 MHz, CD5CN) of E3.

3C NMR spectrum (125 MHz, CD;CN) of E3.
ESI-Mass spectrum of E3.
"H NMR spectrum (500 MHz, CD5CN) of E4.

3C NMR spectrum (125 MHz, CD;CN) of E4.
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Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25
Figure 5.26

Figure 5.27

ESI-Mass spectrum of E4.
"H NMR spectrum (500 MHz, CD3;CN) of E7.
ESI-Mass spectrum of E7.

'"H NMR spectrum (500 MHz, CD;CN) of ES.

3C NMR spectrum (125 MHz, CD;CN) of ES.

ESI-Mass spectrum of ES8.
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NOTES

. All amino acids utilized in the syntheses were of L-configuration and were purchased
from SRL India. Unless otherwise specified, amino acids are represented using the
conventional single/triple letter codes.

. Unless otherwise noted, all commercial chemicals and reagents used in chemical
syntheses were acquired from Sigma-Aldrich or Alfa Aesar and used as received with no
further purification.

. Prior to use, all solvents used in the processes were distilled/dried according to
established methods.

. All air sensitive reactions were performed in oven dried glassware in an inert
environment of argon or nitrogen.

. Wherever possible, all reactions were monitored using silica gel thin layer
chromatography (TLC).

. To purify all the produced compounds, we used silica gel column chromatography with a
mesh size of 100-200. The slurry was generally made in chloroform, DCM and/or
MeOH.

'H NMR, Bc NMR, IR, and High Resolution Mass Spectrometry (HRMS) were used to
characterize the synthesized compounds.

. The Bruker-DPX-300/400/500 MHz spectrometer was used to obtain '"H NMR, *C NMR
spectra, with chemical shifts relative to tetramethylsilane (TMS) reported downfield. 'H-
NMR data are reported as br (broad), s (singlet), d (doublet), q (quartet), t (triplet) and m

(multiplet). "H NMR coupling constants are reported in Hz.
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9. Using the Electrospray lonization (ESI) technique, high resolution mass spectra (HRMS)
were recorded in the Bruker MicrO-TOF-QII model.

10. IR spectra were recorded on Agilent-Cary 660 Series FTIR spectrometer/Nicolet, Protégé
460 spectrometer as KBr Pellets.

11. Melting points were measured using a Fisher-Scientific melting point instrument.
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